The fenestrae of liver sinusoidal endothelial cells (LSECs) allow passive transport of solutes, macromolecules, and particulate material between the sinusoidal lumen and the liver parenchymal cells. Until recently, fenestrae and fenestrae-associated structures were mainly investigated using electron microscopy on chemically fixed LSECs. Hence, the knowledge about their dynamic properties has remained to date largely elusive. Recent progress in atomic force microscopy (AFM) has allowed the study of live cells in three dimensions (X, Y, and Z) over a prolonged time (t) and this at unprecedented speeds and resolving power. Hence, we employed the latest advances in AFM imaging on living LSECs. As a result, we were able to monitor the position, size, and number of fenestrae and sieve plates using four-dimensional AFM (X, Y, Z, and t) on intact LSECs in vitro. During these time-lapse experiments, dynamic data were collected on the origin and morphofunctional properties of the filtration apparatus of LSECs. We present structural evidence on single laying and grouped fenestrae, thereby elucidating their dynamic nature from formation to disappearance. We also collected data on the life span of fenestrae. More especially, the formation and closing of entire sieve plates were observed, and how the continuous rearrangement of sieve plates affects the structure of fenestrae within them was recorded. We observed also the dawn and rise of fenestrae-forming centers and defenestration centers in LSECs under different experimental conditions. Conclusion: Utilizing a multimodal biomedical high-resolution imaging technique we collected fine structural information on the life span, formation, and disappearance of LSEC fenestrae; by doing so, we also gathered evidence on three different pathways implemented in the loss of fenestrae that result in defenestrated LSECs. (Hepatology 2019;69:876-888).
S ince the seminal work by Wisse, (1) many ultrastructural studies on liver sinusoidal endothelial cell (LSEC) fenestrae have appeared. Ever since, multiple research teams have studied their structure-function and (patho-)physiological implications, noting that decreased porosity leads to impaired metabolism of chylomicron remnants and results in arteriosclerosis (2) and hyperlipoproteinemia. (3) Over the years there was a pursuit to visualize the ultrastructure of LSECs revealing the nature of fenestrae. Last year our team reported that the quantitative imaging (QI) mode of atomic force microscopy (AFM) allowed the relatively fast and high-resolution dynamic imaging of fenestrae in cultured LSECs. (4) Moreover, high-resolution three-dimensional (3-D) imaging of fenestrae on fixed LSECs using superresolution fluorescence microscopy recently became possible, indicating the future potential to investigate live LSECs under relevant physiological conditions. (5, 6) Those two Nobel Prize-awarded imaging technologies illustrate the impact of microscopy technology development on revealing new insights in LSEC biology and fenestrae. Progress in AFM has allowed us to gain insight into hitherto hidden dynamic aspects on various morphofunctional aspects of fenestrae and their associated fine structure.
In this report, we observed that entire sieve plates are formed and remodeled rapidly in the first 6 hours
Abbreviations: AFM, atomic force microscopy; 3-D/4-D, three-dimensional/four-dimensional; DFC, defenestration center; FACR, fenestraeassociated cytoskeleton ring; FD, force versus distance; FFC, fenestrae-forming center; HEPES, 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid; LSEC, liver sinusoidal endothelial cell; QI, quantitative imaging; SACR, sieve-associated cytoskeleton ring.
of LSEC culture. We found that fenestrae became sufficiently stable with a culture time of 8-12 hours. We were able to track single sieve plates starting from their formation and production of fenestrae, including subsequent rearrangement of the sieve-associated cytoskeleton ring (SACR) and finally disappearance of the sieve plate after 75 minutes. Furthermore, individual fenestrae could be traced showing their migration within the sieve plate and providing information about the fenestrae life span. Intriguingly, 4-D AFM probing disclosed that a single pore can be open for a few minutes to almost 2 hours. We also captured formation of large gaps in the LSEC cytoplasm and their disappearance with time, a process which we correlate with defenestration. Finally, we observe fenestrae-forming centers (FFCs) and defenestration centers (DFCs), profiling their functionality in live LSECs.
Materials and Methods

cell ISolatIoN
LSECs were isolated by taking advantage of the universal perfusion system and setup for isolated perfused liver (UP100-Universal Perfusion System; Hugo Sachs Electronics, Germany). Mice were anesthetized by intraperitoneal injection of ketamine (100 mg kg −1 ) and xylazine (10 mg kg −1 ). The entire abdominal cavity was exposed and the portal vein cannulated. An incision in the inferior vena cava was made to allow blood to drain from the circulatory system. The liver was initially perfused with the perfusion buffer (142 mM NaCl, 6.708 mM KCl, 9.6 mM 4-[2-hydroxyethyl]-1-piperazine ethanesulfonic acid [HEPES], 6 mM NaOH) at 37°C in order to flush the blood out, followed by the digestion buffer (1.5 mg Liberase [Roche], 4.76 mM CaCl 2 ). After digestion, the liver was carefully removed, and cells were released from Glisson's capsule and collected in the perfusion buffer with 1% bovine serum albumin (4°C). The cell suspension was centrifuged 3 times at 40g to separate hepatocytes and remaining blood cells. Nonparenchymal cell separation was performed on 25%-50% Percoll gradients. Afterward, the middle layer consisting mainly of LSECs and Kupffer cells was separated by magnetic separation using LSEC-specific CD146 MicroBeads (Miltenyi Biotec, Germany). The LSEC fraction yielded approximately 2 to 8 × 10 6 LSECs per liver with a purity of >95% cells, as determined by scanning electron microscopy and AFM and acetylated low-density lipoprotein endocytosis. After isolation, cells were seeded on glass coverslips and incubated in 5% CO 2 at 37°C in EGM-2 cell culture medium (Lonza) for 1-22 hours (detailed times are described in each experiment).
aFM MeaSUReMeNtS
Measurements were conducted in EGM-2 medium at 37°C under ambient conditions using the Nanowizard 3 AFM system ( JPK Instruments). Unless otherwise stated, LSECs were measured in 25 mM HEPES buffered medium. All images were acquired in force versus distance (FD)-based imaging mode (QI; JPK Instruments) according to a method described elsewhere. (4) In brief, a single FD curve
is performed in every pixel point of the image and then translated into images of topography and stiffness. Topographical images were translated from the selected trigger force up to the maximum loading force used in the acquired FD curves. Linear fit to the selected area of the FD curve was used to calculate stiffness. (4) An image is always acquired from the bottom to the top, and image acquisition time varies from tens of seconds to several minutes, dependent on the point-to-point resolution and scanning area size. Because of the high contrast between the soft cell and stiff glass slide, images of stiffness were presented to highlight fenestrae, especially in large images. We performed our experiments using different types of commercially available cantilevers: (1) those with tips of a radius of 20 nm on cantilevers with a spring constant of 0.7 N/m (ScanAsyst-Fluid; Bruker) were used for Figs. 2, 6, and 7 and Supporting Animation S2, where highest speed was necessary; (2) those with a sharpened tip with a radius of 2-12 nm and spring constant 0.06 N/m (SNL-10; Bruker) for Supporting Animations S3 and S4; and (3) those with tips of a radius of 25 nm on cantilevers with a spring constant of 0.1 N/m (SCM-PIC-V2; Bruker), for Figs. 1, 3, 4 , and 8 and Supporting Animations S1 and S5, where the most detailed structure of fenestrae-associated structures measured for a prolonged time was necessary. The loading force used varied from 100 to 400 pN and was adjusted to obtain a clear image of fenestrae and cytoskeleton fibers at 80% of loading force. (4) The obtained images of topography and stiffness were analyzed using JPK Data Processing Software. 
cytocHalaSIN B aND JaSplaKINolIDe tReatMeNt
Selected agents were added in the EGM-2 medium to the final concentration of 21 μmol/dm 3 for cytochalasin B (from Drechslera dematioidea; Sigma-Aldrich, Germany) and 50 nM/dm 3 for jasplakinolide (≥97% [high-performance liquid chromatography]; SigmaAldrich). Stock solutions were prepared according to the manufacturer's instructions. Figure 1 shows a representative depiction of living LSECs examined under the 4-D AFM in QI mode. In this mode a scanning AFM tip makes a gentle indentation of the investigated sample under strict control of the applied loading force. In the course of the single scan over the selected area, thousands of FD curves are recorded, allowing for construction of both the topography and the stiffness images (see Materials and Methods). As such, performing continuous imaging of the same area allows determining dynamic changes in the morphology of the area of interest with time.
Results
SIeVe plate DyNaMIcS IN ISolateD lSecs
In the first hours after seeding on a glass slide of isolated murine LSECs, their morphology changes rapidly (Supporting Animation S2). During the 4-hour experiment we noticed that cells are migrating toward each other. Together with spreading on a glass slide, LSECs rearrange their cytoskeleton, which is observed as continuous formation and disappearance of both the individual fenestrae and complete sieve plates. Fenestrae are observed in regions between thick cytoskeleton fibers, forming SACR structures. (7) Along with an increase in the cell surface area over time after LSEC seeding, new sieve plates are formed (Fig. 2) . We notice, therefore, that the total number of fenestrae scales with the effective area of the cell.
FeNeStRae DyNaMIcS WItHIN SIeVe plateS
After 12 hours of cell culture, LSECs become more stable, as can be read from the consistency of their fine structure and their reduced migratory movement behavior. They form a cell monolayer in which sieve plates and fenestrae are exhibiting much slower alterations over time compared to the period right after seeding. Depending on the area selected, we can find sieve plates in which fenestrae do not change their size and position with time (Supporting Animation S3, 10-minute experiment, with 20 seconds per frame). However, fenestrae migrating inside the sieve plate are still also observed (Supporting Animation S4, 15-minute experiment, with 45 seconds per frame).
Fenestrae appear in sieve plates that are delineated and surrounded by SACRs. An intricate structural connection between SACRs and fenestrae-associated cytoskeleton rings (FACRs) has been documented before. (8) Those thick cytoskeletal fibers determine the boundary of the formed sieve plates. Detailed investigation of their dynamics is presented in Supporting Animation S5 (a 3-hour experiment, which consists of 165 frames acquired every 70 seconds). Selected frames from the animation are presented in Fig. 3 . Different positions of images in the panels are connected with migration of the cell; i.e., by choosing a scan area we continuously track the dynamics of the moving sieve plate. LSECs, despite producing a complete monolayer, do not stop to continuously rearrange their cytoskeleton. However, compared to the initial period of LSEC seeding, this process is much slower after 12 hours of seeding and allows detailed tracking of the dynamics of individual fenestrae and sieve plates using 4-D QI AFM.
FIg. 3.
A single sieve plate of LSECs was scanned for 3 hours and 15 minutes using 4-D AFM (Supporting Animation S5), and selected frames from the first hour of animation are presented. The process of new sieve plate formation is shown. FFCs are indicated with white arrows, while white arrowheads indicate fenestrae, which are formed without FFCs, after regeneration of the previously formed gap (asterisk). All images are in scale (scale bar, 500 nm), but the position of the XY scanner was set to follow migrating sieve plates and adjusted to visualize changes in the sieve plate morphologies. Image size, resolution, and scanning speed were adjusted to obtain a final 70 seconds per frame, e.g., 10 minutes (2.46 × 2.92 μm, 80 × 95 points).
FIg. 4.
A single sieve plate of LSECs was scanned for 3 hours and 15 minutes using 4-D AFM, and selected frames from the second hour of animation (Supporting Animation S5) are presented. An open circle indicates a single fenestra, which migrates inside the sieve plate in the meantime changing its diameter. It closes and reopens in 2 minutes and vanishes completely 43 minutes after its formation. White arrowheads indicate an example of an FACR, which crosses the internal part of the sieve plates. Scan size, 4.0 × 3.0 μm, 100 × 74 points.
FoRMatIoN oF SacR, FFc, aND FacR
Initially, the cells become thin in the area between cytoskeleton fibers, forming the SACR. Then the first fenestrae appear within the SACR (Fig. 3, 15  minutes) . In the next frames we observe the characteristic structures known as FFCs (Fig. 3 , white arrows). Their formation is followed by a rapid increase in the number of fenestrae. Intriguingly, besides the rise of the number of FFC-derived fenestrae, fenestrae could reemerge within areas that were previously occupied by large cytoplasmic openings, also known as gaps (Fig. 3, white arrowheads) . Those gaps were previously considered to originate from poor sample handling or improper fixation. Nevertheless, former studies also indicate gap formation in sinusoids after acetaminophen overdose, (9) which led to transport of red blood cells into the space of Disse. However, investigation of chylomicron remnant circulation reveals that particles larger than fenestrae remain in the circulation and only particles smaller than fenestrae could reach the space of Disse, (10) indicating rather poor contribution of transport through gaps. Interestingly, LSECs seem to have the ability to restore those gaps and restore a normal fenestrae pattern.
With rearranging of the thick cytoskeleton fibers, constituting the SACR, the number of fenestrae is changing. We notice that well-developed SACRs are necessary for maintaining large fenestrae numbers. Consistently, it is found that the degradation of SACR structures results in a decrease of the fenestrae numbers (Supporting Animation S5).
lIFe SpaN oF FeNeStRae
With the ability of relatively fast QI AFM imaging of selected cell areas, we track transformations of individual fenestrae with time (Fig. 4) . We noticed that fenestrae are not permanently present in LSECs. Time-lapse data indicate that they keep being formed in LSECs even after more than 24 hours of cell culture. Moreover, fenestrae move within a sieve plate, which is accompanied by a continuous changing of their diameter. This fenestrae "migration" seems to be dependent on the overall LSEC movement (whereas the relative position of the fenestrae with respect to the SACR remains the same). However, we noticed that some fenestrae can move from their original position as far as 5 μm during their life span, independent of the overall movement of the LSECs (Supporting Animations S4 and S5). Interestingly, some of the fenestrae can close for a while and open again (Fig. 4, circle) . Rigorous tracking of 130 fenestrae was performed, and we next evaluated the fenestrae life span distribution (Fig. 5) . It is observed that 75% of the newly formed fenestrae remain open for up to 20 minutes, whereas the mean fenestra life span is ~18 minutes. Based on combined ultrastructural observations using different microscopy modalities, it was put forward that fenestrae have a short life span and that they come and go in a rapid manner. (11) Both movement of fenestrae and their rapid formation and disappearance at the early stage of culture may explain former difficulties in their dynamic visualization. (12) As mentioned above, the dynamics of sieve plates slows down with time. Consequently, we notice fewer events of fenestrae formation and closing at a later point in time in the experiment. At the same time, we register an increase in fenestrae life span. Some of the tracked fenestrae remain open for almost 2 hours, continuously moving within the scanning area. Moreover, we notice FACR structures which cross the sieve plate, even when the fenestrae are not open inside them (Fig. 4, arrowhead) . We performed this experiment after 22-26 hours from seeding on a glass slide, observing a continuous process of LSEC defenestration. After 25 hours from seeding on a glass slide (when the fenestrae tracking was finished), we obtained an image of the large area of the whole LSEC, which revealed that only a few fenestrae remain present.
FoRMatIoN oF gapS VeRSUS SIeVe plateS
Finally, we observe that fenestrae morphology is affected by the formation of gaps within the cells (Fig. 3, asterisk ; Supporting Animation S5). These are micrometer-sized holes in the cytoplasm located in the region of a sieve plate. We register occasional formation and disappearance of such large holes in native conditions, especially on the cell's periphery, close to an interconnection of the cells. It seems that gaps are not harmful for the cell and can be regenerated (i.e., closed) in a matter of minutes. Nevertheless, we observe them more often in LSECs cultured for times longer than 24 hours.
During LSEC culture, cells are incubated in a 5% CO 2 atmosphere. However, during AFM measurements LSECs are exposed to ambient atmosphere. Therefore, we stabilized the pH value using 25 mM HEPES buffer (see Materials and Methods). Without any buffer, we noticed a continuous increase of pH from 0.5 to 1.0 over 1-2 hours of AFM measurements in 37°C, which leads to defenestration of LSECs (Fig. 6) . Therefore, to investigate the process of defenestration, we next performed an additional experiment by comparing LSEC morphology cultured within and without the presence of HEPES. At the beginning of this experiment, LSECs presented a well-maintained fenestrated morphology (Fig. 6, 0 min) . Focusing on a selected cell area of 25 μm 2 (Fig. 6 , white square) enabled us to increase the acquisition time from 20 minutes per frame to less than 3 minutes per frame. We observed the disappearance of fenestrae, followed by the formation of gaps. Within 10-15 minutes each of the observed gaps disappeared completely, leaving behind an open area within the cell, corresponding to a large unfenestrated cytoplasm in this region of the LSEC (Fig. 6, white arrows) . Imaging the same initial area of the interconnection of LSECs after 1 hour, we observed almost complete defenestration of the investigated LSEC and that the fenestrated areas were replaced by these large gaps (Fig. 6, 60 minutes) . Interestingly, the defenestration status of LSECs is not of a permanent nature as cytochalasin B was able to induce fenestrae in defenestrated LSECs (Supporting Fig. S1 ). 
FFc aND DFc-ReSpoNSe to JaSplaKINolIDe aND cytocHalaSIN B
Initially, the FFCs in a variety of forms (floating, flattening, spiraling) were identified using electron microscopy. (13, 14) In our previous work (4) using QI AFM, we demonstrated that after application of cytochalasin B, a compound that disturbs actin polymerization, expansion of newly formed sieve plates occurred in the direction of FFC migration. The application of jasplakinolide, an actin-modulating agent promoting actin polymerization, resulted in the appearance of many discrete islands of nonfenestrated areas within the sieve plates of live LSECs. They closely resemble the central membrane patches within the sieve plates of cytochalasin B-treated LSECs as described by Steffan et al. in 1987 (14) and the FFCs later detailed by Braet et al. after misakinolide A treatment. (15) Therefore, in our current investigations this agent was chosen to study the effect of jasplakinolide on the occurrence of those membrane patches and the presence of FFC-associated structures (Fig. 7) . At first, we observed a progressive increase in the number of fenestrae during the first 60 minutes from addition of jasplakinolide. We noticed both the enlargement of existing sieve plates and the formation of new ones. FFCs can be identified in most of the sieve plates. Moreover, in some of them more than one FFC was identified. After 50 minutes of image recording, we randomly selected one large sieve plate in order to monitor FFC dynamics at a higher resolution, but it allowed us as well to reduce the acquisition of a single dynamic image from 15 minutes to about 3 minutes (Fig. 7B) . By doing so, we could observe fenestrae formation from FFCs as reported in misakinolide A-treated LSECs. (15) Importantly, pores <50 nm were progressively enlarged to form fenestrae with a size in the range of 100-200 nm. After 90 minutes of jasplakinolide treatment, we rinsed the agent away with fresh medium and continued to perform 4-D QI AFM imaging. Interestingly, the FFCs surrounded with only large fenestrae remained unaltered for a further 30 minutes. We could not distinguish any fenestrae <50 nm; it is unknown whether this was irrespective of limitations in AFM resolution or the absence of the phenomenon of smaller pores as such. Additionally, the number of fenestrae decreased after rinsing the agent away. This indicates the significant role of FFCs in fenestrae formation.
Secondly, using 4-D QI AFM, we searched for the presence of DFCs in LSECs. We previously described that DFCs could be observed by depleting the adenosine triphosphate levels within LSECs using antimycin A. (16) On the other hand, the presence of DFCs has been reported under relevant in vivo conditions. (17) Interestingly, in the present study, we observed DFCs in LSECs that were at first treated with cytochalasin B, followed by rinsing with fresh culture medium (Supporting Animation S1). Briefly, during the experiment we selected well-fenestrated areas of two neighboring LSECs and verified that any significant changes in their porosity occurred. Next, we added cytochalasin B for 30 minutes, resulting in the observation of a substantial increase in fenestrae number. Next, we rinsed the agent with the fresh medium and continued further imaging. We observed that the number of fenestrae decreased continuously with time and that after 60 minutes it reached the initial level. We noticed both a spontaneous closing of fenestrae (Supporting Animation S5) and fenestrae closing due to formation of DFCs (Fig. 8) . Although the force applied by the AFM tip distorts the shape of the DFC, by reconstructing the image for the negligible force at the contact point, we found DFC shapes which are similar to those presented in the literature. (16, 17) Moreover, by tracing the changes in the morphology of DFCs with time, we notice that they become more elevated with decreasing size of the sieve plate (Supporting Animation S1). Lastly, continuing imaging of the same area, we treated LSECs with cytochalasin B for the second time; but we observed only minor increases in the number of fenestrae and hence cell porosity.
Discussion
Fenestrae-associated structures such as FACRs, (18) SACRs, (7) FFCs, (11, 15) DFCs, (11, 16) and LSEC gaps (17, 19) were described within static images obtained mainly using electron microscopic approaches. As such, their dynamics and their origin were largely elusive and remained largely under discussion until now. By employing 4-D AFM on cultured LSECs over time, we provide a detailed picture of the time-dependent events about the structure, dynamics, formation, maintenance, and disappearance of the fenestrae and their associated structures.
DyNaMIcS oF tHe FeNeStRae aND SIeVe plateS
We found that within a few hours after seeding on a glass slide, freshly isolated LSECs undergo fast dynamic morphological changes as a result of cell spreading over the surface. The process is apparently related to stress fiber transformations participating in the formation of SACR structures. (20) While the number of fenestrae is directly connected with the size of the SACR, it changes significantly in peripheral regions of LSECs, especially during the first few hours after isolation (i.e., <4 hours). The start time for LSEC experimentation after cell isolation varies largely. In the literature, times ranging between 2 and 24 hours after LSEC culture have been reported. (6, 14, (21) (22) (23) (24) Our observations disclose changing cell porosity values in cultured LSECs within the first 6 hours after seeding. Hence, we recommend taking this time window into account for future experimentations as fine fenestrae structure is directly dependent on the spreading of the cell and related transformations of the LSEC cytoskeleton.
Dependent on the method of measurement and applied sample preparation procedure, different average fenestrae sizes were reported (Supporting Table S1 for mouse and rat, which have similar mean fenestrae sizes (25) ). Fenestrae measured in tissue using scanning electron microscopy have smaller diameters than those measured in cultured LSECs. Observed shrinkage in mean diameter of fenestrae due to fixation has been discussed. (26) Moreover, some differences can be observed between microscopic techniques: in wet-fixed LSECs using structured illumination microscopy mean fenestrae diameter is ~129 nm, (27) using direct stochastical optical reconstruction microscopy ~120 nm, (27) and using AFM ~143 nm. (26) We showed that fenestrae mean size is different in live (~180 nm) (4) and fixed (~143 nm) (26) LSECs. Our results on fenestrae in live LSECs are in good agreement with transmission electron microscopic results (150-175 nm). (28) Observed enlargement in AFM data may be connected with the applied loading force. Here, we show that fenestrae are stretchable structures and that, therefore, there is a strong correlation between the SACR structures and the number and size of fenestrae within them. The dimensions of fenestrae alter during their life span and in response to rearrangement of SACRs, which confirms predictions about "forced sieving" through fenestrae.
(10) Although we could not find any correlation between the size of a fenestra and its life span, we observed significant changes in the diameter of individual fenestrae, which reach up to 200% of their size. Moreover, we noticed that even fenestrae as large as 200-400 nm may close very rapidly within 1 minute or may shrink and slowly fade. Following Cogger, we previously omitted fenestrae >300 nm in calculations of porosity. (19, 26) By tracing individual fenestrae with time, however, we noticed that some of them can be as large as 400 nm in diameter, still being functional structures. However, FACRs forming >400-nm fenestrae sometimes break, which leads to formation of gaps in the cytoplasm.
lSec DeFeNeStRatIoN
It was reported that defenestration of LSECs occurred within 2-3 days of culture, (29) (30) (31) while the first signs of dedifferentiation occur after 1 day. (30) Our results are quite consistent with those reports. The relevant mechanism of this process, however, even in a mechanistic approach, remains elusive. In previous reports, it was proposed that this process is mediated by the formation of DFCs. (11, 16) They are typically observed in adverse cell culture conditions caused by the exposure of selected drugs, such as antimycin A. However, they have been noted under in vivo conditions as well. (17) Generally, based on our time-course animations (see Supporting Animations S1 and S5), we can distinguish three distinct ways in which fenestrae disappear which results in defenestration of LSECs. The first one is directly connected with the lifetime dynamics of the fenestrae alone. Although we continuously observed formation and disappearance of fenestrae during 24 hours of LSEC culture, we found that with culture time the process of formation of new fenestrae becomes slower and that, thus, due to the limited life span of the fenestrae, the overall number of fenestrae decreases with time.
Secondly, we noticed a correlation between gaps and the number of fenestrae. Those large cytoplasmic openings were indicated in the literature as markers of a disease and/or an effect of a toxic environment, (19) which results from fusion of a few fenestrae in the sieve plate. (10) Nonetheless, until now it was not certain if those structures were formed due to improper fixation and even if they were formed in live LSECs at all. (10) Our experiments confirm the existence of gaps in LSECs and indicate that formation of gaps could be an expression of LSEC condition. This observation is found for both the native conditions (Supporting Animation S5) and in response to adverse cell culture conditions (Fig. 6) . We found that gaps are formed from fenestrae as large as 400 nm in diameter (Supporting Animation S5). We noticed that gap formation is accompanied by closing of nearby fenestrae in the same sieve plate. It is likely, therefore, that gap formation is connected with FACR damage leading to enlargement of the fenestra and formation of the gap which, however, may be regenerated. Therefore, the coalescence of neighboring fenestrae is supposed to not occur in live LSECs. (32) Finally, our study does not concern fixed cells; therefore, formation of gaps may occur as a result of improper fixation or thorough rinsing during sample preparation, as suggested by other authors.
Finally, we also found that fenestrae number could drop due to the formation of DFCs, as discussed. (11, 16) It is important to stress that we have never been able to identify DFCs in cells cultivated in native conditions. Only after treatment with cytochalasin B and further removal of the agent were DFCs observed. Thus, our results indicate that DFC formation is connected with a rapid reduction in the sieve plate size induced by an external agent.
Importantly, because the process of defenestration is regarded to be a marker in many liver disorders, e.g., nonalcoholic fatty liver disease, cirrhosis, or hepatocellular carcinoma, our results underline the important notion that defenestration is not a permanent process. Showing that cytochalasin B could induce fenestrae in initially defenestrated cells, we provide evidence that under certain conditions defenestration might be reversible. This is in accordance with in vivo studies in thioacetamide-induced and cholinedeficient, L-amino acid-defined-induced murine models of nonalcoholic steatohepatitis, where recovery was associated with fenestrae restoration. (29) Although the mechanism of defenestration is poorly understood and the literature indicates hepatic stellate cell activation involvement in this process, (33) our results indicate the main contribution of the cytoskeletal rearrangements in the formation of new fenestrae as well as in the defenestration process. As such, restoring treatment of LSEC defenestration seems to be possible for cases without permanent structural changes of the Disse space. Such a treatment could be explored in various liver diseases.
Due to instrumental limitations of AFM, fenestrae dynamics cannot be observed under in vivo or in situ conditions. Nevertheless, our studies on cultured LSECs represent an important step forward in comparison to most of the previous microscopic investigations, which were done on chemically fixed cells and collected static observations only. On the contrary, 4-D AFM allowed the collection of dynamic data and unambiguously indicated that the dynamics of fenestrae is driven by a continuous rearrangement of the LSEC cytoskeletal elements. As such, it is conceivable that the observations reported here are most likely translatable to the in situ situation. To better mimic the in vivo setting, further research could be conducted to investigate, for example, the effect of shear stress on fenestrae in LSECs in vitro. (34) (35) (36) However, in situ AFM studies on fresh and vital liver tissue biopsies will be more likely in the near futurei.e., similar to the AFM studies reported on breast biopsies (37) -as this might bridge the gap between our present in vitro observations and in vivo observations. In case of future shear stress studies, it has been found using AFM that the endothelium presented different morphologies and nanomechanical properties when shear stress (38) or hydrostatic pressure (39) was applied. It is likely, therefore, that the number and dynamics of fenestrae could be affected by such conditions. In our future experiments we plan to address this issue by performing AFM measurements of LSECs cultured in fluid flow conditions.
In conclusion, with the application of 4-D QI AFM we provided unprecedented insight into the dynamics of fenestrae in murine LSECs in vitro. We confirmed the existence of fenestrae-associated structures and demonstrated their truly dynamic nature. In particular, our results show that fenestrae are not static but instead continue to change their positions (up to 5 μm) and diameter (up to 200%) during their life span (up to almost 2 hours). Moreover, we observed three
